Abstract-The brain is highly plastic and undergoes changes in response to many experiences. Learning especially can induce structural remodeling of dendritic spines, which is thought to relate to memory formation. Classical Pavlovian fear conditioning (FC) traditionally pairs an auditory cue with an aversive footshock, and has been widely used to study neural processes underlying associative learning and memory. Past research has found dendritic spine changes after FC in several structures. But, due to heterogeneity of cells within brain structures and limitations of traditional neuroanatomical techniques, it is unclear if all cells included in analyses were actually active during learning processes, even if known circuits are isolated. In this study, we employed a novel approach to analyze structural plasticity explicitly in neurons activated by exposure to either cued or uncued footshocks. We used male and female Arc-dVenus transgenic mice, which express the Venus fluorophore driven by the activity-related Arc promoter, to identify neurons that were active during either scenario. We then targeted fluorescent microinjections to Arc+ and neighboring ArcÀ neurons in the basolateral area of the amygdala (BLA) and auditory association cortex (TeA). In both BLA and TeA, Arc+ neurons had reduced thin and mushroom spine densities compared to ArcÀ neurons. This effect was present in males and females alike and also in both cued and uncued shock groups. Overall, this study adds to our understanding of how neuronal activity affects structural plasticity, and represents a methodological advance in the ways we can directly relate structural changes to experience-related neural activity. Ó
INTRODUCTION
Dendritic spines are highly plastic and can change in number and shape after stimuli and experiences. Spine changes after learning paradigms are of particular interest because structural changes are thought to reflect underlying changes in synaptic strength (Trachtenberg et al., 2002; Matsuzaki et al., 2004; Zito et al., 2009; Kasai et al., 2010) . Initial investigations into how dendritic spines change after learning employed Golgi staining techniques (Brandon and Coss, 1982; Patel and Stewart, 1988) . Golgi-based approaches to learning-related structural plasticity are limited, however, because they traditionally rely on comparisons between behaviorally naı¨ve animals and animals that underwent a learning experience, and thus observation of structural changes within an individual animal is impossible. One exception can be found in early studies of the motor cortex, in which unilateral reach training allows for elegant cross-hemisphere comparisons (Greenough et al., 1985) . However, such an approach is difficult in the realm of classical Pavlovian fear conditioning (FC), which conventionally engages both hemispheres. More recently, in vivo two-photon imaging through a cranial window has allowed repeated imaging of discrete dendritic segments over the course of an experiment, making it possible to assess change in individual spines before and after a learning experience within the same animal. Using this technique, it has been shown that motor task learning can rapidly induce formation of new spines in motor cortex (Xu et al., 2009 ) and spine remodeling correlates with improved task performance after motor skill training (Yang et al., 2009) . In contrast, FC leads to elimination of spines in frontal association cortex (Lai et al., 2012) . However, due to the limitations of the technique it is not yet possible to image dendritic spines in deep structures further away from the cortical surface. Moreover, neither of these techniques allows exclusive analysis of the neurons that are recruited in the learning experience. Only a small subset of neurons in a given brain area are activated during learning (Han et al., 2009) , and thus random sampling of spine segments likely includes neurons that were not activated. Therefore, any observed changes could represent global changes that are not specific to memory formation. To address this problem, Sanders et al. (2012) Besides the hippocampus, the amygdala is an obvious area of interest when studying spine changes after FC. The basolateral complex, including the lateral amygdala, basolateral (BLA) and basomedial nuclei, has long been known to be important for fear expression and fear memory formation (Davis, 1992; Maren, 2001; Duvarci and Pare, 2014) . The BLA is often seen as a relay station passing information from lateral amygdala on to medial central nucleus of the amygdala (Duvarci and Pare, 2014) and lesions of the BLA after cued FC block expression of conditioned fear, which suggest that it is an important site of learning-related plasticity (AngladaFigueroa and Quirk, 2005) . The BLA also maintains strong bidirectional connections to the hippocampus, and is thought to be critically involved in context FC (Maren, 2001; Pitka¨nen et al., 2006) .
Here, we introduce a novel approach to assess dendritic spine morphology of activated vs. nonactivated neurons in the BLA after cued FC or shock exposure alone. To identify activated neurons, we use Arc-dVenus transgenic mice, which express a destabilized Venus fluorophore driven by the activityrelated Arc promoter (Eguchi and Yamaguchi, 2009) . In order to eliminate background Venus expression or spine changes triggered by handling and exposure to a new environment, we used custom-made 'home-cage' conditioning boxes. We report that in male and female mice, Arc+ neurons exhibit reduced spine density compared to neighboring ArcÀ neurons after both cued and uncued shock. These findings lend insight into the neural processes that underlie experience-and activity-related structural plasticity.
EXPERIMENTAL PROCEDURES Animals
Adult (10-14 week old) male (n = 15) and female (n = 17) Arc-dVenus transgenic mice (C57BL/6J background) were housed in the New Research Building Animal Facility at Harvard Medical School on a 12:12 light:dark schedule and given ad libitum access to food and water. These mice express a destabilized version of the fluorescent protein Venus, driven by the activityrelated Arc promoter. Venus intensity in Arc-dVenus mice peaks at approximately 6 h post stimulation, and is fully decayed after 24 h (Eguchi and Yamaguchi, 2009; Gouty-Colomer et al., 2015) . All procedures were approved by the Harvard Medical School Institutional Animal Care and Use Committee.
Conditioning Home Cages (CHCs)
To reduce noise in Arc expression due to handling and novel environment exposure, animals were fear conditioned in custom ''home cage" FC chambers. These chambers were designed and fabricated at the Harvard Medical School's Research Instrumentation Core. Each cage consists of a Techniplast Safe Seal IVC Blue Line TM cage bottom with a custom acrylic lid. Each cage contains a clear, acrylic insert containing a small enclosure (13 cm Â 5 cm Â 5 cm) and a food hopper, to which the mice had free, continuous access. A water-delivery ''nosepoke" is mounted to the front of each cage to provide water to housed animals. An IR-LED sensor mounted in each nosepoke triggers the release of a drop of water each time the nosepoke is entered by the mouse. Mice housed in the cages have access to a 13-cm Â 24-cm Â 24.5-cm region in front of the insert to freely move. The floor of each cage is made of fifteen 3-mm stainless steel dowels spaced by 8 mm oriented lengthwise along the cage. A custommade connector connects these dowels to the output of a Med Associates Aversive Stimulator/Scrambler Module (env-414) which provides shocks during FC. The bar floor is elevated 3.5 cm from the bottom of the cage. The space beneath the bar floor is filled with mouse bedding to absorb mouse urine. Visaton BF-32-8 speakers mounted to the acrylic ceiling provided tones during conditioning. Shock delivery, water delivery and tone generation is regulated by a custom PCB containing a Teensy 3.0 microcontroller programed with custom firmware. Raspberry Pi model B computers mounted on each cage receive commands sent over a local network using Twisted-Python so that all four cages can be controlled in synchrony. Each Raspberry PI is equipped with a no-IR camera module that is mounted to the ceiling of each cage, allowing mice housed in the cages to be observed during and between behavioral sessions. Luxeon Rebel Deep Red (655 nm) LEDs mounted on the ceiling of each cage allow mice to be observed during the night.
FC procedure
The cued shock protocol used in this study (described below) results in robust conditioned freezing to the auditory cue in mice up to a month after conditioning ( Fig. 1) , and therefore we believe that this protocol Fig. 1 . Cued fear conditioning in our Conditioning Home Cages (CHCs) induces robust fear memory. A separate cohort of mice underwent a cued conditioning protocol identical to that used here, and were then returned to standard housing. One month later, they were returned to the CHCs and exposed to the tone. Freezing significantly increased in response to the tone compared to pre-CS freezing levels (Wilcoxon matched-pairs t-test,
represents a traditional ''cued FC" experience in which learning is induced. The experimental design for the current study is shown in Fig. 2 . At 17:00 h on Day 1 animals were transferred to the custom conditioning cages and left undisturbed by experimenters until euthanasia at 15:00 h on Day 4 ( Fig. 2A) . Cued or uncued shocks began at 09:00 h on day 4. Animals in the cued shock group (males n = 8, females n = 10) were exposed to 7 CS-US pairings, consisting of a 10-s tone (80 db, 6 kHz) that co-terminated with a 1-s 0.5-mA foot shock. The mean inter-trial interval was 1 min 53 s and the duration of the session was 10 min. The uncued (''shock only") group (males n = 7, females n = 7) received the same shock protocol but without tone presentations.
Euthanasia and tissue preparation
Six hours after the last shock presentation, animals were deeply anesthetized with isoflurane and sacrificed by transcardial perfusion of 4% paraformaldehyde in .1 mol/L phosphate buffer, pH 7.4. Brains were extracted and post-fixed in paraformaldehyde over night and then placed in .1% sodium azide in phosphatebuffered saline at 4°C for storage.
Morphology analysis
BLA and temporal association area (TeA) containing coronal sections of 240-lm thickness were collected using a vibrating microtome (Leica Microsystems, Inc, Buffalo Grove, Illinois, USA). To identify Arc+ neurons, Venus-expressing neurons were visualized through a GFP filter (Zeiss Microscopy, Thornwood, New York, USA) on a Zeiss Axio Examiner A.1 microscope (Zeiss Microscopy). Iontophoretic microinjections of Lucifer Yellow dye were performed into Arc+ and neighboring ArcÀ neurons. BLA neurons were targeted within the ''BLAp" region (defined by Allen Brain Atlas; Fig. 2B ) in coronal sections ranging from Bregma À1.755 mm to À2.255 mm. TeA neurons were sampled from layer 2 of the ''TeA" region from the same Bregma range. For each brain region of interest (BA and TeA) four Arc+/ ArcÀ neuron pairs, for a total of eight neurons per animal were selected for spine analysis. From each neuron four dendritic segments were imaged, for a total of 32 segments per animal (16 segments per Arc+ and Fig. 2 . Experimental design and approach. (A) Animals were transferred to the custom fear conditioning home cages 3 days prior to fear conditioning, to allow Venus decay from handling and novel environment. On day 3, animals were exposed to either 9 tone-shock pairings or 9 shocks, and then euthanized 6 h later. (B) Arc+ neurons in the BLAp were identified, and both Arc+ and neighboring ArcÀ neurons were iontophoretically filled with Lucifer Yellow for imaging and spine morphology analysis (C).
16 segments per ArcÀ group). Z-stacks were acquired using an Olympus FV1000 confocal microscope (Optical Analysis Corporation, Nashua, New Hampshire, USA) with 100Â lens, zoom of 3.7, NA 1.4, and step size of 0.33 lm. In TeA, only basal dendrites were sampled. Raw Z-stacks were deconvolved with AutoQuant (Media Cybernetics, Rockville, Maryland, USA) and analyzed for spine number and shape (thin, stubby, or mushroom) using NeuronStudio software (Computational Neurobiology and Imaging Center, New York, New York, USA) (classification criteria described in detail by Rodriguez et al. (2008) ).
Statistical analysis
All statistical analyses were conducted using GraphPad Prism software (GraphPad Software, Inc, La Jolla, California, USA). Spine densities from segments sampled from Arc+ and ArcÀ neurons were first averaged per animal. Sampling from ArcÀ and Arc+ neurons within animals served as an internal control, and allowed for within-animal evaluation of Arc effects on dendritic morphology. Thus, all comparisons were made within animals between average spine densities for ArcÀ and Arc+ neurons. Comparisons were made by using mixed-design ANOVA with Arc+/ArcÀ as within subject factor and Cued/Shock only as between subject factor. Spine densities were averaged per animal to make animals the unit of analysis. There is evidence that structural dynamics and activitydependent plasticity of mushroom and thin spines are different (Matsuzaki et al., 2004; Bourne and Harris, 2007; Matsuo et al., 2008 ), thus we analyzed each spine type separately. Significance was set at p < 0.05.
RESULTS
To assess potential sex differences in Arc+ vs. ArcÀ neurons, we first looked at the magnitude of difference in thin and mushroom spine density in Arc+ compared to ArcÀ neurons by calculating a ratio of Arc+ vs. ArcÀ spine density and compared the ratio index between males and females for each experimental group. No overall sex differences were found in any condition (data not shown; cued: BLA thin spines: t = 0.5322, p = 0.6019; BLA mushroom spines: t = 0.08976, p = 0.9296; TeA thin spines: t = 0.3901, p = 0.7024; TeA mushroom spines: t = 1.848, p = 0.0858. shock only: BLA thin spines: t = 0.1812, p = 0.8593; BLA mushroom spines: t = 0.3624, p = 0.7234; TeA thin spines: t = 0.2549, p = 0.8031; TeA mushroom spines: t = 0.5379, p = 0.6005). Additionally, we compared overall mushroom and thin spine densities between males and females for each experimental group and again found no sex-differences in either cued (BLA thin spines: t = 0.1104, p = 0.9134; BLA mushroom spines: t = 1.195, p = 0.2496; TeA thin spines: t = 0.07126, p = 0.9442; TeA mushroom spines: t = 0.1408, p = 0.8900) or shock-only group (BLA thin spines: t = 0.6156, p = 0.5496; BLA mushroom spines: t = 0.6280, p = 0.5418; TeA thin spines: t = 0.9541, p = 0.3588; TeA mushroom spines: t = 0.7682, p = 0.4572). Consequently, male and female animals were combined for all subsequent analyses. Moreover, lack of sex differences shows that inclusion of female animals does not lead to increased variability in this particular paradigm and that our findings extend to both sexes.
In the BLA, Arc+ neurons had fewer thin spines compared to ArcÀ neurons in both the cued group the shock-only group ( Fig. 3B ; main effect of Arc: F(1,30) = 19.36, p = 0.0001). A Sidak's multiple comparisons test revealed that the effect was present in both groups (Cued: p = 0.0424; Shock only: p = 0.0016). Surprisingly, there was also a main effect of experimental group, with Shock-only animals having higher thin spine densities than animals from the cued condition (main effect of experimental group: F(1,30) = 16.62, p = 0.0003). No significant interaction was found (F(1,30) = 1.414, p = 0.2437). The same effect of Arc was found for mushroom spines in both groups ( Fig. 3C ; main effect of Arc: F(1,30) = 38.20, p < 0.0001). A Sidak's multiple comparisons test revealed that the effect was present in both groups (Cued: p < 0.0001, Shock only: p = 0.0054). There was no main effect of experimental condition (F(1,30) = 0.1299, p = 0.7211) or significant interaction (F (1,30) = 1.621, p = 0.2128). We also looked at dendritic spine differences in the temporal association area (TeA) and found similar trends. For both groups we found fewer thin spines on Arc+ neurons ( Fig. 4B ; main effect of Arc: F(1,28) = 12.24, p = 0.0016) and Sidak's multiple comparisons test showed that the effect was present in both groups (Cued: p = 0.0332, Shock only: p = 0.0449; Fig. 3A ). There was no significant interaction (F(1,28) = 0.0005, p = 0.9823) and a nearsignificant effect of experimental condition (F(1,28) , p = 0.0559). Additionally, mushroom spine density was also lower in Arc+ neurons ( Fig. 4C ; main effect of Arc: F(1,28) = 14.88, p = 0.0006) and Sidak's multiple comparisons test showed that both groups showed this effect (Cued: p = 0.0215, Shock only: p = 0.0217). There was no significant interaction (F(1,28) = 0.01569, p = 0.9012) and no main effect of experimental group (F(1,28) = 2.258, p = 0.1441).
DISCUSSION
In this study, we introduce a novel approach to assess activity-dependent dendritic spine plasticity in a withinsubject design. We used Arc-dVenus mice to identify neurons activated by cued or uncued shock and used targeted microinjections of fluorescent dye to visualize dendritic spines for morphology analysis. We found fewer spines on activated neurons in both the cued and shock-only conditions. These results are in line with a previous study in which fewer spines where found on CA1 neurons activated by context FC compared to nonactivated neurons (Sanders et al., 2012) . Our results indicate that these effects are not specific to CA1, but extend to the BLA and TeA.
Although the general direction of activity-related spine changes was the same in Sanders et al and the current work, there are several experimental design differences between the two studies that are worth noting. First, we analyzed spine densities 6 h after conditioning, which is much earlier than the 24-h time point used by Sanders et al. We do not know whether our observations would continue to match those of Sanders et al had we also waited 24 h before sacrifice, but we look forward to delineating the timeline of structural changes in our model in the future. Second, we used different immediate early genes as markers for neuronal activity. While it is not clear how much c-fos and Arc overlap after a given experience (for review : Minatohara et al., 2015) , there is evidence for differential expression in the BLA during opiate withdrawal (Lucas et al., 2008) , in the hippocampus after exposure to a novel environment (Christensen et al., 2013) , and in the nucleus accumbens after immobilization stress (Ons et al., 2004) . Finally, there may be functional differences in recruitment of BLA and TeA neurons vs. those in CA1 after aversive associative learning and/or shock exposure. Given our observation that both cued and uncued shock conditions resulted in fewer spines on activated BLA and TeA neurons, these differences may not be due to learningrelated changes per se, but rather to the experience of aversive foot shocks regardless of associated auditory stimuli.
It is not yet possible to determine whether the reduced spine density in Arc+ neurons reflects a selection effect (i.e., neurons with fewer spines are more likely to be activated) or active removal of spines (i.e., ''pruning") in response to the aversive experience. We were especially surprised to observe fewer mushroom spines in activated neurons at this time point, since mushroom spines are generally thought to be more stable than thin spines. However, this notion is mainly based on examination of basal turnover rate of spines over time (Trachtenberg et al., 2002; Holtmaat et al., 2005) , and it is less clear if mushroom spines are less likely than thin spines to shrink or be eliminated in response to neuronal activity. Spines on activated neurons could be reduced to strengthen only activated synapses to increase specificity of synaptic contacts on the neurons. Decreases in spine density after a putative learning event are seemingly counter-intuitive, considering reports of increased spine density in CA1 after a spatial learning task (Moser et al., 1994) or trace eyeblink conditioning (Leuner et al., 2003) , and increased number of synapses in motor cortex after motor skill learning (Kleim et al., 2002) . However, these studies did not distinguish between activated and non-activated neurons. Weakening of inactive synapses within strongly activated neurons could be mediated by Arc, the activity marker used in this study. Arc plays a role in homeostatic synaptic scaling by accelerating AMPA receptor endocytosis (Chowdhury et al., 2006) and reducing AMPAR-mediated synaptic currents (Rial Verde et al., 2006) , specifically targeting inactive synapses through an ''inverse" synaptic tagging mechanism (Okuno et al., 2012) .
In this study, we analyzed dendritic spines in neurons that were activated by cued or uncued shock exposure and found fewer spines on activated neurons. The finding that Arc+ neurons had fewer spines regardless of experimental condition suggests that at this time point, activated BLA and TeA neurons may primarily reflect processing of the shock. In support of this, previous work has shown that shock presentation alone is sufficient to disinhibit layer 2/3 pyramidal neurons in auditory cortex (including TeA region (Letzkus et al., 2011) ). Additionally, the BLA is involved in both auditory and contextual conditioning (Maren, 2001 ) so comparable morphological profiles in Arc+ neurons across cued and uncued shock conditions would be expected. Finally, it is also possible that activated neurons represent distinct stimuli processing in cued and uncued shock, but either undergo similar patterns of remodeling, and/or are recruited according to similar mechanistic ''rules." We look forward to further dissecting these possibilities in the future.
To our knowledge, this is the first within-animal report of spine profiles in active vs. inactive neurons after either cued or uncued shock exposure, demonstrating reliably lower spine density in active neurons in both males and females. Although (as noted above) we cannot attribute our effects to learning per se, it will be interesting to see if spine differences change at different time points after FC vs. after memory recall or extinction testing. More work is also needed in order to determine whether these findings extend to activated neurons in other brain regions (e.g., prefrontal cortex) and in other common behavioral paradigms.
Despite years of research on dendritic morphology, the exact relationship between structural changes and functional outcomes is still unclear. As techniques advance, however, future research will get closer to answering these questions. For example, Hayashi-Takagi et al. (2015) developed a technique to label and shrink spines in the motor cortex that formed after motor learning tasks and showed that erasure of newly formed spines resulted in loss of learned motor skills. It will be interesting to see this groundbreaking technique applied to other established learning and memory processes such as FC.
